A detailed analysis of the in-plane magnetoresistance anisotropy in single-orientation thin-film SrRuO 3 grown on (001)SrTiO 3 is presented. The resistivity is measured in strips along [001], [110], and [111] with an in-plane rotating magnetic field. The data show additional details in the transfer from negative to positive magnetoresistance when the field is rotated in the plane. They show that the magnetoresistance is anisotropic with respect to the crystalline directions rather than with respect to the direction of the current. The data suggest an anisotropic spin-orbit interaction and can possibly be a sign of in-plane weak antilocalization.
I. INTRODUCTION
The spin-orbit interaction has been, and still is, an intriguing effect. Its roots are deep down in relativistic quantum mechanics, and its applications give prospects to manipulate and control the spin of conduction electrons. 1 In itinerant ferromagnetic systems magnetoresistance measurements offer a direct method for measurements of the spin-orbit interaction through weak localization. 2 Weak localization can be described as interference among the conduction-electron wave functions in an electron-electron scattering event. In the presence of spin-orbit interaction the spin of the conduction electron can be rotated in a scattering event, which results in a destructive interference, an effect known as weak antilocalization. This shows up as a positive magnetoresistance at fields below a critical field related to the spin-orbit scattering time. 3, 4 At higher fields the negative contribution from weak localization to the magnetoresistance dominates.
A frequently studied ferromagnetic system with an itinerant exchange mechanism is the 4d transition metal oxide SrRuO 3 . SrRuO 3 has been considered to be a "bad metal" (with mean free path comparable to the interatomic spacing), 5, 6 but is a comparatively good conductor (∼10 μ cm) and is frequently used as electrode material in various applications of oxide electronic devices. 7, 8 However, more recent reports on quantum oscillations in SrRuO 3 thin films, which can been taken as a sign of Fermi liquid behavior, 9, 10 suggest that the mean free path is considerably larger. In addition, this system has been shown to exhibit the anomalous Hall effect [11] [12] [13] as well as weak localization 14 -indications of quantum behavior of conduction electrons. Together with the reported high anisotropy field 15 (∼10 T) and ferromagnetic resonance measurements, 16 both consistent with strong spinorbit coupling, one could then anticipate also the presence of signatures of weak antilocalization.
Actually, in the literature one can find evidence for a positive magnetoresistance in SrRuO 3 thin films. In Refs. 6 and 17 a positive in-plane magnetoresistance is found when a magnetic field is applied perpendicular to the current (although it does not show any sign of a maximum), whereas with the field parallel to the current the magnetoresistance is negative. However, in two more recent papers 18, 19 the in-plane magnetoresistance shows a tendency to saturation.
The aim of the present study is to make a detailed analysis of the anisotropic in-plane magnetoresistance in thin-film SrRuO 3 (SRO). It is shown that these systems can exhibit features characteristic for spin-orbit scattering, but that the positive magnetoresistance with its maximum appears to be anisotropic and observed only when the field is along the [001] SRO direction.
II. EXPERIMENTAL DETAILS
As-delivered SrTiO 3 substrates were prepared with HF etching and annealing according to the procedure described, e.g., in Ref. 20 to achieve TiO 2 -terminated atomically flat surfaces. However, the nominally (001)-directed SrTiO 3 (STO) substrates were unintentionally miscut by the vendor, giving an angle of on average 0.15
• between the substrate surface and (001) STO . The substrates were scanned in an atomic force microscope and only substrates with unit-cell-high surface steps with edges parallel to (100) STO or the equivalent (010) STO were selected for this study; see Fig. 1(a) . SrRuO 3 thin films were deposited on the substrates. For the deposition conventional pulsed laser ablation with an excimer laser (λ = 248 nm, τ ≈ 20 ns) was used.
The structure of the films was examined on a large scale by x-ray diffraction (see Fig. 2 ), and on a local scale by transmission electron microscopy. 21 The films generally showed a high crystalline quality, but with some differences particularly in the amount of twinning. In this paper only data from the film with highest quality (single orientation) are reported. However, the same kind of anisotropy has been observed in several other samples. In all samples the direction of the SrRuO 3 unit cell in relation to the SrTiO 3 substrate surface steps was found to be as shown in Fig. 1(b) , which agrees well with previous studies. [22] [23] [24] From the diffraction data, shown in Fig. 2 , one can draw the conclusion that the SrRuO 3 film selected for this study is very close to a completely single orientation. There is a peak from the 440 SRO reflection and, hidden under the substrate peak, one from the440 SRO reflection. In the 2θ/ω-ω map there is a strong peak from the 112 SRO reflection, and next to the major film peak we observe a small trace from the 020 SRO reflection. The full width at half maximum (FWHM) of the 112 SRO film reflection is about 0.11
• , compared to a FWHM least 99.4% of the film has the orientation shown in Fig. 1(b) . However, these detailed diffraction data were obtained from the patterned sample which could also have an impact on the degree of twinning observed.
The films were patterned by photolithography and Arion etching. Atomic steps were observed by atomic force microscopy on the sample surfaces even after the patterning processes. Somewhat different patterns were used, and in this paper results from a sample patterned with "Hall bars," with widths 30 μm and lengths 200 μm, as shown in Fig. 3 SRO , respectively. The film thickness is 50 nm. Hence, by these preparations we achieved highly oriented SrRuO 3 where it is possible to probe the electric properties along well-defined crystalline directions.
The electric transport properties were measured in a variable-temperature He-flow cryostat with a superconducting solenoid allowing a maximum field of 5 T. For longitudinal resistance the sample was rotated in such a way that the magnetic field direction was varied in plane as shown in the lower right part of Fig. 3. [110] is taken as the reference direction. For Hall effect measurements the field was applied perpendicular to the plane of the film.
III. RESULTS

A. Temperature dependence of resistance
The temperature dependence of the resistivity measured during slow heating after zero-field cooling is shown in Fig. 4 . There is a kink in the resistance at 145 K, typically taken as a token of the Curie temperature T C . There is a small difference in the resistance for the two perpendicular the [110] direction, in particular just above T C , which agrees well with previously reported data. 25 The low-temperature resistivity ρ is approaching 28 μ cm, or correspondingly the conductivity is about σ = 1/ρ ≈ 3.6 × 10 4 ( cm) −1 . The derivative dR/dT shows a similar trend as previously observed in other samples, [25] [26] [27] [28] both in shape and in absolute magnitude; see the topmost inset in Fig. 4 . The phase transition appears to be more distinct in the [110] directions, indicated by a slightly larger derivative.
The spin-polarized resistance R sp was extracted by subtracting the measured resistance from a linear extrapolation (dotted lines in 
B. Magnetoresistance
The low-temperature resistance as a function of applied magnetic field, shown in Fig. 5 , exhibits a strong anisotropy. Not only is it different in the strips in different directions, but most prominent is the anisotropy with respect to the direction of the applied field. With the field parallel to [110] (θ = 0
• ) the magnetoresistance behaves quite differently from when the field is applied along the [001] (θ = 90
• ) direction. Whereas the former is negative and shows a close to linear behavior in R(B) in the entire field range, the latter is generally positive and has a more rounded shape at low fields and becomes negative at high fields. One can note, however, that in the [110] direction we observe the behavior only up to a maximum at ±5 T.
The general behavior of the magnetoresistance is nonhysteretic. However, in the [111] strip a small hysteresis can be observed with the field in the [110] direction and a larger hysteresis with the field in the [001] direction. This is the largest hysteresis observed, and actually is only one measurement-the first field sweep after cool down. In the [ 10] other data (or after the initial field sweep) the hysteretic behavior was limited to within ±1 T.
The observation of both positive and negative magnetoresistance has been previously reported. 6, [17] [18] [19] However, in most cases it has been related to the relative direction of the current compared to the applied magnetic field. This is in contrast to the data presented here, where the positive magnetoresistance was observed at low fields in the [001] direction and negative magnetoresistance when the field was applied in the [110] direction. We therefore proceeded
to map the magnetoresistance MR = [R(H ) − R(0)]/R(0)
dependence on the field direction as shown in Fig. 6 .
As the field is rotated from 0 • to 90
• there is a gradual transition from the linear negative magnetoresistance to a nonlinear positive magnetoresistance. The magnetoresistance with the field parallel to the [110] direction appears to behave qualitatively similarly independent of current direction. Initially, at small fields the magnetoresistance increases (it is positive), reaching a maximum, decreases at a specific field, and eventually becomes negative. One can define a characteristic field H 0 based on the field for the magnetoresistance maximum. Then at low temperature (2 K) we find H 
IV. DISCUSSION
From structural and transport data (Figs. 2 and 4 , respectively) we conclude that the performance of our samples is consistent with that of other high-quality samples. The general shape of the resistance versus temperature curves agrees well with results on samples from other groups. 25, 26 The resistivity kink at T C is consistent with a critical exponent of β ≈ 0.34 independent of the direction of measurement ([110] or [001] ). This would indicate that a three-dimensional Ising model could be used to describe the spontaneous magnetization. 28, 29 Our films also behave qualitatively in the same way as previously reported samples regarding the magnetotransport properties. The presence of both positive and negative magnetoresistance has previously been reported by Klein et al. (Fig. 6 in Ref. 6 ) and in 5 nm thin films by Ziese et al. (Fig. 12 in Ref. 18) . A similar behavior has also been recorded in partially relaxed thin films measured in van der Pauw configuration. 19 In general the data shown here resemble those data in many ways, e.g., the observation of a hysteresis particularly in the positive magnetoresistance.
The magnetoresistance has previously been shown to be a complicated function of temperature, MR(T), 6, 27 actually quite similar to the temperature dependence of the planar Hall effect in SrRuO 3 . 30 Here are presented more detailed combined measurements on the temperature and angular dependencies. These data suggest that at sufficiently high fields the magnetoresistance is always negative, but in fields parallel to the [001] direction the magnetoresistance is positive up to a critical field. The critical field appears to be stronger when the magnetoresistance is measured along [110] (i.e., perpendicular to [001]).
Typically, in quantum interference experiments one has to take the orientation of the magnetization and domain wall scattering into consideration, 31 and indeed the magnetoresistance magnitude reported here is of the same order as previously reported domain wall resistivity in SrRuO 3 . 32 However, it appears as if the shape of the magnetoresistance is due to rotation of the magnetization direction rather than domain formation. The magnetoresistance does not die off as rapidly with increasing field as in Ref. 32 . In magnetoresistance measurements the characteristic field for magnetic domains is the coercive field, and if we take the extraordinary Hall effect (not shown here) to reflect the magnetization of the sample we draw the conclusion from its hysteresis that the coercive field is less than 330 mT (at 2 K). We keep in mind that this method measures domain switching in the out-of-plane direction which is not along the low-energy direction of the magnetocrystalline anisotropy nor along an easily magnetized direction of the shape anisotropy. Therefore, the coercive field deduced from these measurements would most probably be an overestimate of the coercive field for the in-plane magnetization. This field coincides, however, quite well with the hysteretic peaks in the magnetoresistance of the [111] strip [the open circles in Fig. 5(c) ]. In any case, this field is almost an order of magnitude smaller than H 0 .
We note that the easy axis in SrRuO 3 is close to the a or b axis of the SrRuO 3 unit cell depicted in Fig. 1(b) with a magnetocrystalline anisotropy field of ∼2 T (see Ref. 6 and Refs. 14, 23, and 24 therein). This anisotropy field is close to the characteristic field H 0 observed here. Therefore, at present we cannot completely rule out the conventional anisotropic magnetoresistance as explanation for the behavior of the measured data. On the other hand, anisotropic magnetoresistance is typically discussed in terms of the direction of the magnetic field relative to the direction of the current (see, e.g., Ref. 33) for epitaxial SrRuO 3 films also (see, e.g., Refs. 17, 34) , which is inconsistent with our data. However, regardless of whether the shape of the magnetoresistance is due to weak antilocalization or to ordinary anisotropic magnetoresistance the spin-orbit interaction is at the root of both effects. But the temperature dependence of the anisotropic magnetoresistance is different in the two perpendicular directions, i.e., Figs. 6(a), 6(d), 6(f), and 6(i) show a different behavior than Figs. 6(c), 6(e), 6(h), and 6(j), and when H 0 appears to increase with increasing temperature in the [110] direction it appears to decrease with increasing temperature in the [001] direction. Hence, we can conclude that the spin-orbit interaction is anisotropic.
Spin-orbit coupling appears to be present when the field is applied in the [001] direction, whereas it seems that the spin-orbit coupling is absent (or too weak) when the field is applied in the [110] direction (only negative magnetoresistance). In addition, the data in Figs. 5 and 6 suggest that the effect of the anisotropic spin-orbit interaction is larger in the [110] direction-the maximum is positioned at higher field in this direction (perpendicular to the coupling itself). On the other hand we note that the overall magnitude of the magnetoresistance is larger in the same direction. It is reasonable to believe that these two effects, the magnitude of the magnetoresistance and the position of the maximum, are closely connected.
Using the slope that was measured for the ordinary Hall effect, and which is about 0.86 ± 0.05 μV/T (at 100 μA), the charge carrier density is estimated as n = 1. Fig. 5(b) . The parameters in this model are the characteristic relaxation times for potential scattering (τ o ), inelastic scattering (τ i ), magnetic scattering (τ s ), and spin-orbit scattering (τ so ), respectively. The magnetoresistance data for the [001] and the [110] directions can be traced by varying only τ so . Hence, the fitting curves in Fig. 5(b) were generated by optimizing with respect to τ o , τ i , and τ s and then keeping them fixed while finding τ so = 3.5 × 10 −13 s and τ so = 1.4 × 10 −13 s for the two perpendicular directions. (However, the exact values of τ so depend on the other chosen scattering times.) We note that quantitatively these particular values for τ so are of the same order of magnitude and differ by only a small factor from the above estimated values, and qualitatively the model fits well to the measured data with the field in both the [001] and the [110] directions (both in plane). Traditionally, weak localization as well as weak antilocalization is considered in two-dimensional systems when a magnetic field is applied perpendicular to the plane. The data in this paper do not show any sign of weak antilocalization in the configuration perpendicular to the plane. However, there are several reports on the observation of localizationlike effects in various systems. [36] [37] [38] In the in-plane configuration it is typically considered that the spin-dependent scattering takes place at surfaces. An in-plane magnetic field orders the orientation of the electron spins interacting with the surface, and the magneoresistance maximum occurs when the diffusion length associated with the spin-orbit scattering, L so = √ Dτ so , is comparable to the magnetic length L M = √h /(eB). The maximum then marks the separation between strong (low-field) and weak (highfield) spin-orbit interaction. 36 The data shown here exhibit a variation of the strength of spin-orbit coupling with the crystalline direction. This could be associated with the band structure and the variation of the density of states in different directions, which is then in line with other systems (including oxides) where the strength of the spin-orbit coupling can be modified by tuning the charge carrier density (see, e.g., Refs. 39,40 and references therein). One might speculate if this could then be related to the very recently reported observation 41 of a scaling behavior of the anomalous Hall effect in SrRuO 3 thin films.
Finally, we note that the anisotropic magnetoresistance observed in the paramagnetic state agrees well with the strongly angle-dependent induced magnetism in the paramagnetic state reported previously. 34, 42 A field-induced anisotropy has been reported in the paramagnetic temperature region. Now, if the spin-orbit interaction is anisotropic and its strength is field dependent, this could possibly also explain the anisotropic magnetoresistance above T C .
In conclusion, this paper presents detailed information on the transfer from negative to positive magnetoresistance as the field is rotated in the sample plane. In addition, with the current along [001] there is a different temperature dependence of the magnetoresistance when the field is directed along [110] as compared to along [001] . Hence, the anisotropy data for these samples, and particularly for the single-orientation sample discussed here, indicate a different origin for the anisotropy than previously reported. The data presented here suggest that the magnetoresistance anisotropy could be connected to an anisotropic spin-orbit interaction and is a direct consequence of the orientation of the magnetic field with respect to the orthorhombic unit cell. The data show localizationlike effects; in particular, the data fit well to a weak antilocalization model.
